The sfA operon of Bacillus subtilis functions in the biosynthesis of the lipopeptide antibiotic surfactin. On the basis of nucleotide sequence and genetic analysis, it is believed to encode three enzymes (EIA, E1B, and E2) that catalyze the incorporation of the surfactin substrate amino acids. Insertion, deletion, and amino acid substitution mutations of srfA were analyzed for subunit composition and activity as determined by assays of both amino acid-dependent ATP-PP; exchange and aminoacyl thioester formation. Insertion mutations in srfAA (encoding ElA, the subunit that incorporates Glu, Leu, and D-Leu) eliminated production and activity of all three enzymes. Deletions within srfAA and extending from srfAA to srfAB (encoding E1B, which incorporates Val, Asp, and D-Leu) abolished the activity and production of all three enzymes. Insertions between srfAA and srfAB and within srfAB eliminate the production and activity of E1B and E2. An insertion mutation in srfAC (encoding E2, which incorporates Leu) abolished the activity of E2 only. Mutations of the active serine in the putative 4'-phosphopantetheine-binding motif of the second and third domains of ElA eliminated thioester formation and severely reduced the ATP-PP; exchange activity of the two domains.
srfAA (encoding ElA, the subunit that incorporates Glu, Leu, and D-Leu) eliminated production and activity of all three enzymes. Deletions within srfAA and extending from srfAA to srfAB (encoding E1B, which incorporates Val, Asp, and D-Leu) abolished the activity and production of all three enzymes. Insertions between srfAA and srfAB and within srfAB eliminate the production and activity of E1B and E2. An insertion mutation in srfAC (encoding E2, which incorporates Leu) abolished the activity of E2 only. Mutations of the active serine in the putative 4'-phosphopantetheine-binding motif of the second and third domains of ElA eliminated thioester formation and severely reduced the ATP-PP; exchange activity of the two domains.
However, the same mutation in the first domain of E1B had little effect on Val-dependent ATP-PPi exchange activity but abolished thioester formation. These results indicate that the coding assignments of the srfA genes are srfAA (EIA), srfAB (E1B), and srfAC (E2).
Surfactin is a cyclic lipoheptapeptide which is produced by certain strains of Bacillus subtilis. It contains L-Glu, L-Asp, L-Val, and two residues each of L-and D-Leu. Its lipid portion is a mixture of several 3-hydroxy fatty acids with chain lengths of 13 to 15 carbon atoms. The main component is 3-hydroxy-13-methyltetradecanoic acid. The srfA operon in the genome of B. subtilis is responsible for the biosynthesis of surfactin and has been investigated in detail by several groups (1, 3, 10, 15) . The nucleotide sequence of the entire srfA operon has recently been determined (1) . These authors have shown that srfA comprises a region of 27 kb and contains four open reading frames (ORFs). The first three of them encode three peptideforming multienzymes composed of repeated, homologous domains similar to those that have originally been identified for amino acid activation and condensation in the gramicidin S synthetase and tyrocidine synthetase which catalyzed the biosynthesis of gramicidin S and tyrocidine in B. brevis (5, 9, 13, 17) . ORF1 (srfAA) and ORF2 (srfAB) of srfA each contain three such domains, while ORF3 (srfAC) shows only one (1) . ORF4 (srfAD) encodes a thioesterase-like protein which revealed a high homology to the grsT gene product involved in the biosynthesis of gramicidin S (13 of the 3-hydroxy fatty acid substrate to ElA, the initiation reaction in the biosynthesis of surfactin (8) . The aim of this report is to relate this protein equipment to the gene organization of the srfA operon by examining the composition of surfactin synthetase in srfA mutant cells.
MATERIALS AND METHODS
Materials, bacterial strains, and plasmids. YT broth (2 x), Luria-Bertani, and DSM agar media, prepared as described previously (11) , were used for routine culture of B. subtilis and Escherichia coli strains. Blood agar solid medium was used for detection of surfactin production (11) . The surfactin producer strain 0KB105 (pheA sfp) (11) and the nonproducing mutant derivatives (Table 1 ) OKB120 (srfA::Tn917 fQOK120) (10) , LAB397, LAB341, LAB334, LAB337, LAB327, LAB223 (10), LAB683, and LAB688 (Table 1) , and Ser-to-Ala mutants LAB1292 (pheA sfp srfABI S->A), LAB1309 (pheA sfp srfAA2 S--A), and LAB1195 (pheA sfp srfAA3 S--A) (2) were grown in the Landy medium (6) supplemented with 2 mg of L-Phe per liter and 0.1% yeast extract for surfactin synthetase preparation. Chloramphenicol-resistant cells and macrolide-lincosamide-streptogramin B-resistant srfA transformants were selected as described previously (11) .
Radiochemicals, substrates, and materials for chromatography "4C-labeled amino acids were purchased from Amersham/ Buchler (Braunschweig, Germany (14) . The acyltransferase enzyme E3 of surfactin synthetase was assayed by using the DTNB [5,5- dithiobis(2-nitrobenzoic acid)] test (8) .
insertions in this part of the srfA operon, and for the deletion mutants LAB683 and LAB688, which have undergone a 9.5-kb deletion in srfAA and a 19-kb deletion extending from srfAA to srfAB.
The OKB120 mutant strain contains a transposon mutation in srfAB within the region encoding the spacer between the first and second amino acid-activating domains SrfAB1 and SrfAB2. In this case, the thiolation of L-Asp is abolished, as is the expression ofsrfAB, as shown by SDS-PAGE analysis. Only the band corresponding to ElA appeared, while that of E1B was absent. A similar pattern was obtained for mutant LAB327, which bears an insertion in the DNA between srfAA and srfAB.
Mutant LAB223 (10) bears a transposon mutation in srfAC. This strain produced both multienzymes ElA and ElB but was obviously deficient in E2. In all of the mutants tested, expres-
RESULTS
Plasmid and transposon insertions as well as deletions have been created in the srfA operon ( Fig. 1 (10) . The deletions were constructed by replacing segments of the srfA operon with a cat gene cassette (2) . The srfA::Tn917 insertion mutations have been described previously (10, 11) . All mutations were expected to exert polar effects on the expression of DNA located downstream of the mutation site. In addition to these mutations, Ser-to-Ala substitutions were made in the amino acylation sites of the first four amino acid-activating domains of the srfA products (2, 16) .
Crude extracts of cells of all mutant strains were prepared as reported previously (14) . In the first step, the proteins were fractionated according to their molecular size by AcA34 gel filtration. Experiments with B. subtilis OKB105 and mutant strains are shown in Fig. 2A and B. The components of surfactin synthetase were detected by incorporation of 14C-labeled substrate amino acids ( Fig. 2A ) and SDS-PAGE (Fig.  2B ). The multienzyme fraction El appeared near the exclusion limit of the columns, followed by the leucine-activating enzyme E2 at a slightly higher elution volume. For the wild-type strain, thioester formation of El with all substrate amino acids was observed. It has recently been shown that this fraction contains two multifunctional proteins, ElA and E1B (8) . The corresponding bands are visible in the upper part of the SDSpolyacrylamide gels in Fig. 2B (8) . This is demonstrated in Fig. 3 and LAB1309, which bear the Ser-to-Ala mutation at the reaction centers of the second and third domains, respectively, of this multienzyme. The specific thioester incorporation effects of these mutants for L-leucine were reduced to approximately one-half of the thioester binding effects observed for the wild-type ElA, indicating that in each case, one reaction center for the leucine activation is blocked. In contrast, analysis of the thiolation of leucine by E1B showed that all other amino acid activation reactions of this enzyme were not affected under these conditions. EBB is also active in surfactin formation for both mutants. Fig. 6 . The thio ation of leucine by EBB prepared from the wild-type and mu4int strains reaches its maximum at approximately 5 ,uM. A dissociation constant (KD) of 0.1 p,M has been esti- mated for the ElB-leucine-thioester formation complex from double-reciprocal plots. In the case of L-valine thioester formation, the maximum binding for the wild-type enzyme was reached at approximately 15 puM L-Val, and a KD of 2.2 ,uM was determined for the formation of the thioester complex of E1B with L-valine. In contrast, mutant ElB prepared from LAB1292 was saturated at much higher valine concentrations, and a KD of 101 ,uM was found, which is approximately 50-fold higher than the KD obtained for the wild-type enzyme. This finding presumably reflects the binding of L-valine to the leucine activation center of ElB.
The valine-dependent ATP-PPj exchange effects were studied. It was found that the specific exchange activity of E1B prepared from LAB1292 (0.18 U/mg) was not much different from that of wild-type strain OKB105 (0.16 U/mg).
DISCUSSION
In this study, we examined the surfactin synthetase subunits of wild-type and srfA mutant strains of B. subtilis. Menkhaus et al. (8) have demonstrated that surfactin synthetase is composed of at least four enzymes, ElA, E1B, E2, and E3. The process of surfactin formation starts by transfer of the hydroxy fatty acid moiety from the acyltransferase E3 to ElA, forming hydroxy fatty acylglutamate as the initiation product. ElA is a multifunctional enzyme which activates the first three amino acid components of surfactin, glutamic acid and two leucines, according to the thiotemplate mechanism. In a similar way, E1B thioesterifies L-Val, L-Asp, and L-Leu in a molar ratio of 1:1:1, while E2 activates leucine. The correlation of this enzymatic machinery to the organization of the srfA operon was established. The first three genes of srfA code for three multifunctional polypeptides, as recently demonstrated by Cosmina et al. (1) and van Sinderen et al. (15) , while the fourth gene can be attributed to a putative thioesterase which has not been detected at the protein level.
The surfactin synthetase components produced by our insertion and deletion mutants were analyzed in order to correlate the presence of the protein subunits to the srfA genes. If the insertion occurs in the first gene (srfAA), the resultant mutant strains are deficient in all amino acid-activating enzymes of surfactin synthetase, apparently because of the polar effect that the mutations have on the expression of srfAB and srfAC. Similar results have been obtained with mutants LAB683 and LAB688, which show deletions in that region of srfA. If the plasmid or transposon insertion is located either in the spacer region between the first two genes or in the second gene (srfAB), the corresponding mutants (LAB327 and OKB120) are deficient in E1B and E2, but ElA is expressed in active form. In mutant LAB223, which bears a transposon mutation in the third gene, srfAC, both multienzymes ElA and EiB are expressed, but this strain is deficient in E2. For all of these mutants, the expression of the acyltransferase enzyme E3 is not significantly affected, which implies that it is not coded by the srfA operon. Possibly it is related to the genes responsible for fatty acid metabolism, a question that must be clarified by additional experiments. In summary, the results of our studies with insertion and deletion mutants demonstrate that srfAA codes for enzyme ElA, while srfAB and srfAC are related to EiB and E2, respectively. In addition, the N-terminal sequence which we have obtained for ElA (8) exactly matches the gene sequence at the 5' end of srfAA4 defining the starting point for the structural genes coding for the surfactin multienzyme system. The gene organization of srfA appears to be consistent with the biochemical data showing that three multifunctional enzymes are involved in the formation of the peptide portion of surfactin. This conclusion has been reached by others (1) .
We also investigated a collection of mutants bearing a point mutation of the active serine at the thioester-binding motif
LGG(H/D)S(L/I) which is highly conserved in the carboxy end of each amino acid-activating domain of peptide synthetases (12) B. subtilis mutants bearing Ser-to-Ala mutations at the thioester sites of the first four amino acid-activating domains of surfactin synthetase were constructed by site-directed mutagenesis (2). ElA and ElB of these mutants were prepared and analyzed for their amino acid-activating patterns which were then compared with those of the wild-type strain. We had previously shown that a mutant bearing a serine-to-alanine replacement at the reaction center of the first amino acidactivating domain of ElA was deficient in thioester binding of L-Glu, while all other thioester formation reactions of ElA and E1B were not impaired (16) . In this study, we obtained similar results for such point mutations in the second, third, and fourth amino acid-activating domains of surfactin synthetase leading surfactin synthetase, forming the putative attachment site for a peripheral 4'-phosphopantetheine carrier. In accordance with the polyenzyme model proposed by Lipmann (7) , our data also show that the amino acid-activating domains of surfactin synthetase are arranged colinearly with the sequence of the amino acid components in the surfactin product, demonstrating the modular architecture of this multienzyme system.
On the basis of the work presented here, it is proposed that the following nomenclature be adopted for surfactin synthetase component enzymes. The acyltransferase E3, which initiates the biosynthetic process, we assign as surfactin synthetase 1 (SRFS1). It transfers the hydroxy fatty acid substrate to ElA, which we designate SRFS2. This multifunctional enzyme elongates the hydroxyacyl-glutamate intermediate formed in the initiation reaction (8) to form the lipotripeptide 0-hydroxyacyl-*L-Glu-->L-Leu--*D-Leu, which is transferred to E1B (SRFS3). SRFS3 assembles the lipohexapeptide, and the addition of the L-Leu residue into position 7 is accomplished by enzyme E2, which we designate SRFS4. The mechanism of the cyclization of the complete lipopeptide chain by lactone formation between the terminal leucine and the hydroxyl function of the 3-hydroxy fatty acid in the first position is completely unknown. This process may involve the putative thioesterase enzyme, which is hypothesized by Cosmina et al. (1) as the gene product of ORF4 of the srfA operon.
